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nthe course of destening or detining a dynamic system, 
it is often desirable ta quantify the damping in order to 
preclice the forced vibration response at a resonance. 
The purpose of this artichke is to clarify the ambiguity associ 
ated with a commonly used term, Q., the synehroneus 


amplification factor and to discuss same aspects of quanti- 
Iving resonant responses of rotating machinery. 

The ampliication factor is used in vilbration theory as a 
measure of system suscepubiliry to periodic forced excita: 
lion al resonances. Attempts have been mace lo use the syri- 
Chronous ampliiication lactor as a measure of the stability 
rein agaist Muid-induced mstabilty, but far better me: 
surements are mow available for the purpose [1.2,4,5,6.7]. 
The term synchronous, as in "synchronous amplification five- 


lor’ oor “synchronously perturbed,” i used in relation bo 
retor lateral response. [t tnelicates the forcing frequeney (9) 


is equal to the shaft speed-(£23, as is commonly founel in the 


form Of rotor unbalance. This relation allows lor a tuir 


amount of mathematical simplificauon. The term "synchro- 
nous" is also a flag that shoulel alert one to the fact that anv 
chita used should be IX filtered to he shalt speed of the 
rotor in order to eliminate noise from responses at other tre- 
C/U rCLes. 

The synchronous amplification factor Q., of the isotropic 
rotor svnchronous LX response can be defined! four separate 
Wil s- 





Al ay 
CQ. = —#©) for F = constant (peak ratio method) (1) 
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7” Apes ; a ; ; 
o, = ~~ for F = mr fé* (peak ratio method) (2) 
Aycan 
WCE! 
F= exciting force magnitude 
Mp fy = mass and radius of unbalance, respectively 
(J = rotative speed 
- _ 02 Ay re ° P 
QO. = ——_ _- thalf power bandwidth methad) (3) 
Li. 2, 


Ag | £2 ies 


I. — — | 
© ALL), 2 


(phase slope method} (4) 


Maher nerds qe! Qe riding for aiid miectsinre etvigl teeters 


Ber second for sauder velochy. 


Note that these formulas apply only to rotors with wicle- 
ly spaced modes. Por instance, anisotropic colors or double 
overhung rotors have closely spaced modes wand are not cov- 
ered by these equations. 


In Eq. (1), Q, is defined as the ratio of the resonant peak 
response amplitude (Apps) bo the nonresonant response 
amplitude (Aj). A, 15 defined as the response amphtucle at 
very low frequency. This method is appropriate if the exci- 
Lition force magnitude is constant. In Eq. (2). Q, is defined 
as the ratio of the resonant peak response cumplitude (Apps) 
to the nonresonant response amplitude at high speed 
(Agi. This method is appropriate if the excitation force is 
proportional to frequency squared. as in the rotating unbal- 


pe 


ance excitation. Age. is delined as the lowest response 
amplitude at rotative speed above the resonant mode of 
interest, but below the frequency when the next mode starts 
being active. Judgment is required when selecting the value 
of Age... For example, if the amplitude is zero at some 
point, then @, becomes infinite using this definition, In cases 
like this, it is best ta use one of the other definitions of (,, 
Eq. (4) is the half power bandwidth method definition of OQ, 
In the numerator, £2 pps is defined as the rotative specd at 
Which the peak resonanee amplitude occurs, The denomina- 
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tor contains the ciflerence of 25 and £2) defined as follows: 
2) = faye. ariel G2) > dees are the rotative speeds where 
hes PON se amplitudes are lowwer Lhan resonance amplitucles 
by 4dB or are equal ta (A, f[¥2 | 

Ry. (4) defines QO, in terms of the slope of the response 
phase at resonanee. Ag is defined as the difference between 
bad response plaise values chose to the resonance, ame meu 
sured at cach side of the phase at resonance. AG2 is defined 
as Lhe difference berpween the ronttive speeds corresponding 
Lo the points used in calculating Ag, The ratig AgsAG? must 
be expressed as a positive number See Vigure | lor a graph- 
Ic representation of chis method. The cata used for caleu- 
lating this difference: should bracket the resonance pore 
Closely to pet as close to an instantaneous differential as pos- 
Stble. Glace is, as in the other definitions, the rotative speed 
LL Pesan’, 

In thoicl Qiquid or gas) handling machines and machines 
with liquikl or gas bearings, seals, or other retar ce stator 
interlaces, Lhe damping (193 is modified by the term ¢1-A3 ta 
become the eflective damping, DCL-A). Lambda (43 is the 
fluid circunvlerential average velocity ratio for fluid interact- 
ing with the roter and is a measure of the circumfercntial 
flow strength. D by itself is abvays a positive oumber. 
Damping in a bearing or seal may be verv small, sccmingly 
approaching zero, if length is shert, clearance is high with 
low @ccentricity position of the journal, or if the thoicl vis- 
cositv is low, but damping is werer oceative, in spire of the 
multitude of books ancl papers that use the expression "new- 
dative damping.” What actually becomes negative ts the quad. 
rature stiffness [3]. However, depending on «, che effective 
damping can be greatly modified. Typically for fluid bearings, 
O4 <A < O.48:lor seals without antiswirl, (4 <A < 0,5; and 
for some fluid handling machines with forward preswirling 
or significant recirculation flow, A may even be far greater 
than 1. 1fPantiswirl Muid injection is used. 4 is rechiced, result 
ing in an increased threshold of stability. It is theoretically 
possible to reduce A lo the point of being newative, bur a 
negative A is very difficult to achieve in reality. For simple 
rotor systems with rolling clement bearings, 4A may be 
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Figure | 
Phase slope definition of Qs 
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assumed to be equal to “era. 

Fluid invelvedl in circumferential motion duc toe shaft 
motion contributes in two ways to the dynamics of the rotor 
system, Gne term ts the rackal clamping forec, +/4200, whieh 
can be looked at as an interaction wlrere the shalt pushes on 
the fluid ¢r is the rotor lateral displacement). Conversely, 
there is the tangential wedge force term, -j{22DAr, which can 
be viewed as the thoicl pushing back on the shaft. These 
forces have opposite direction, thus the quachrature stiffness 
is the difftrcnee berween the effects. By adkling the terms 
and factoring, it can be seen that the magnitucle of their 
eppesition is directly proportional to C13. 

Fluid) invelyved in circumferential motion has a strong 
effect on the value of OQ. since it changes the damping from 
[> te DC 1-49 For a sviachronously perturbed Cunbalancecd) svs- 
tem. Sines Ais often just below one half (hen the observed 
“damping” is correspondingly abour one half of the actual 
damping at resonance speed. If A is between 0 and L, Q, Is 
higher indicating lower "effective damping." 

Fipure 4 shows Eqs. (2) & (4) applied to rotor 1X 
response data reduced in Bode and polar plot format. These 
equations apply to all modes of a system. Ia machine pass: 
es through several modes during startup/shutdown, these 
relations can be applied to each mode of interest. 

Another important feature of A is that it provides a tan- 
gcntial force coupling of the modes in the vertical and hori: 
font axes Cor any two arbitrary orthogonal axes mutually 
perpendicular to the rater shalt, for that matter). The equa- 
Lion of motion for a one-complex-cdeeree-oFireedom, svn- 
chronoush peeturbed (unbalanced), isotropic rotor system 
with Tuicl interaction is as Follows: 


(5) 
Fon ‘ a ry ~_- pitied . 
Mr + Dr + Kr—-— jDAQr = Fe" 
where: r=eax+yy p= 
like rectanmeular to polar conversion: 
« =|r|cos@, ¥ =|[r|sin@, 
=. \ 
jr] =aia° + ¥° @ = arctan 
“A 
* =d/adt 
M = mercial mass 
D = damping 
K = modal stiffness 
F = exrernal force magnitude 
4 = (delta) the angular orientation of F 
Mote: The Fuler expression 
(0) 


pteeetseey 


fe cos(Qf + c+ fsin(Qtt+ a) 
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The rotor synchronous response is: 
r= AelO" = Acos(Qt+a)4+ jAsin(Qt+e) 7 


Where: 


fF 
i (8) 
OK — MOCY + O° pd - Ay 
ag = d+ arctan- cined - 4’) (9) 
K — MGY 
An understanding of this tluic-related tangential force is 
critical to gaining an insivht into the behavior of fluid han- 
dling machines. The magnitude of the tangential force is 
clirectly proportional to shalt speed, lambda, and camping 
values. The references listed at the end of this article provide 
further discussion of the effects of lambda and the fineda- 
mental dynamics of flukl bearing rotor systems. Copies are 
ivdiable by contacting the editor of this magazine. The 
éldress, fax and phone numbers of the Orbit magazine are 
listed on the tubhe of coments page. 
For an isotropic cotar with onby one mode ane low cdamp- 
ing, Q. is related to the damping factor 9 ¢zcta) by the fol- 


lowing relationship: 


2e(1—A) 


where (is the damping ratio defined as the ratio of current 
damping (19) te critical camping (DL) - Vdlefined as Follonwe: 


-_ dD. 
Dd, 


GO, = 


(10) 


(11) 
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In conclusion, this article has discussed (. and a spect 


case of phase slope at resonance for a one lateral mode 
rotor, It muse be restated that the relations presented here 
acc only teuc for isotropic synchronously perturbed rotors. 
As stated carlicr, these formulas apply only to rotors with 
widely spaced modes, For instance, anisotropic rotors or 
double overhung rotors have closely spaced modes ancl are 
not covercd by these equations, Rotating machines with muis- 
matched radial stiffness atest be treated) by more complex 
rules. Furthermore, the behavior becames quite ditferent 
when nonsynchronous perturbation is introduced, There 
Will be follow-up articles in (rbit that will discuss these 
more complicated cuscs. 
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Figure 2 
Equations 2 & 3 applied to 1X response data and reduced in Bode and polar plot formats. 
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